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forming an oxide layer overlying a substrate with a source 40D
region and a drain region

forming a first gate stack and a spacer, wherein the first
gate stack overlies the substrate between the source region

and the drain region, and the spacer overlies a sidewall of 404
the first gate stack
doping the oxide layer and the spacer to form 406

a doped oxide layer and a doped spacer

forming a work function metal (WFM) stack overlying

the substrate between the doped spacers 408

thermally treating the doped spacer and the doped oxide 410
layer to form a doped WFM stack

forming a metal gate electrode overlying the doped WFM 419

stack to form a second gate stack

Fig. 4
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GATE STRUCTURE, SEMICONDUCTOR
DEVICE AND THE METHOD OF FORMING

SEMICONDUCTOR DEVICE

RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 62/243,941, filed Oct. 20, 2015, which 1s

herein incorporated by reference.

BACKGROUND

The semiconductor industry has undergone exponential
growth, constantly progressing in the aim of higher density,
device performance and lower costs. Apart from the classical
planar transistor such as a metal-oxide-semiconductor field-
ellect transistor (MOSFET), various non-planar transistors
or three-dimensional (3D), such as a fin-like field-eflect
transistor (FInFET), have been developed to achieve even
higher device density as well as to optimize the device
cilicacy. The fabrication of both planar and 3D FETs 1s
focused on dimension scaling down to increase the packing
density of the semiconductor device.

With increasing demands for high-density integration of
the planar and 3D FE'Ts, the fabricating method of FinFETs
1s 1n great need to be continuously refined so as to attain a
more enhanced semiconductor structure.

BRIEF DESCRIPTION OF THE DRAWINGS

Aspects of the present disclosure are best understood from
the following detailed description when read with the
accompanying figures. It 1s noted that, 1n accordance with
the standard practice 1n the industry, various features are not
drawn to scale. In fact, the dimensions of the wvarious
features may be arbitrarily increased or reduced for clarity of
discussion.

FIGS. 1A-1B are cross sectional views of a semiconduc-
tor device 1n accordance with some embodiments.

FI1G. 2 1s a cross-sectional view of another semiconductor
device 1n accordance with some other embodiments.

FIG. 3 1s a cross-sectional view of yet another semicon-
ductor device 1 accordance with yet some other embodi-
ments.

FIG. 4 1s a process tlow diagram of forming a semicon-
ductor device, 1n accordance with some embodiments.

FIG. SA through SF are cross-sectional views at various
stages of a method for forming a semiconductor device 1n
accordance with some embodiments.

DETAILED DESCRIPTION

The following disclosure provides many different
embodiments, or examples, for implementing diflerent fea-
tures of the provided subject matter. Specific examples of
components and arrangements are described below to sim-
plify the present disclosure. These are, of course, merely
examples and are not intended to be limiting. For example,
the formation of a first feature over or on a second feature
in the description that follows may include embodiments 1n
which the first and second features are formed in direct
contact, and may also mclude embodiments in which addi-
tional features may be formed between the first and second
teatures, such that the first and second features may not be
in direct contact. In addition, the present disclosure may
repeat reference numerals and/or letters in the various
examples. This repetition 1s for the purpose of simplicity and

10

15

20

25

30

35

40

45

50

55

60

65

2

clarity and does not 1n 1itself dictate a relationship between
the various embodiments and/or configurations discussed.

The singular forms “a,” “an” and “the” include plural
referents unless the context clearly dictates otherwise.
Therefore, reference to, for example, a topography region
includes aspects having two or more such topography
regions, unless the context clearly indicates otherwise. Fur-
ther, spatially relative terms, such as “beneath,” “below,”
“lower,” “above,” “upper” and the like, may be used herein
for ease of description to describe one element or feature’s
relationship to another element(s) or feature(s) as illustrated
in the figures. The spatially relative terms are intended to
encompass different orientations of the device in use or
operation in addition to the onentation depicted in the
figures. The apparatus may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein may likewise be interpreted accord-
ingly.

Although the present disclosure 1s explained by references
of the formation of a semiconductor structure, it will be
appreciated that it 1s equally applicable to any manufactur-
ing process where the semiconductor structure can be advan-
tageously formed.

As aforementioned, it 1s becoming more challenging for
manufacturing a gate structure mn a MOSFET or FinFET
with the scaling down of dimensions. In the process of
forming a gate structure, the first step 1s to form a dummy
gate usually made of polysilicon, followed by the formation
of a pair of spacers overlying the sidewalls of the dummy
gate. Alterwards, the dummy gate 1s removed to leave a
space and facilitate the filling of an electrode, a work
function metal (WFM) stack, and an underlying gate oxide
layer to be filled 1nto the space and form the gate structure.

However, as the dimensions of the MOSFET or FinFET
are scaled down, the width of the gate stack, or the distance
between the spacers, 1s continually declining, which not only
makes it diflicult to fill gate materials 1nto the space between
the spacers through a gate-filling window after the dummy
gate 1s removed, but also casts negative eflects on the
performance of the MOSFET or FinFET. Due to the nar-
rowed width of the gate stack, the junction between the
source and the drain region 1s also shortened. The shortened
junction gives rise to shortened electron channels.

The shortened channel results in finite sub-threshold
slope, aflecting the threshold voltage and thus the tunneling
of electrons from the source to the drain region when the
voltage gap between the source and the drain becomes
significant. In other words, ofl-state leakage currents from
the drain to the source region increases, which 1s also
referred to as the drain induction barrier lower (DIBL).

Apart from DIBL, short channel also induces the short
circuit between the metal gate and the source/drain region,
also contributing to leaked currents. The above influences of
the short channel can be collectively called the short channel
ellect (SCE), which 1s a major 1ssue concerning the perfor-
mance of the semiconductor device.

While raising the source/drain (S/D) region by selective
epitaxial silicon growth (SEG) can reduce the current leak-
age, other shortcomings such as the resistance of the S/D
region remains. Whereas doping of the S/D region can
improve the drawbacks, the thermal process required in
doping S/D regions undesirably increases the lateral diffu-
sion of dopants, thereby increasing the gate to drain overlap
capacitance. Also, to compensate for the dopant loss 1n the
S/D region owing to the thermal process, higher implanta-
tion dosage 1n the S/D region can be adopted. Nonetheless,
the increased concentration of dopants 1n the S/D region not
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only brings about deeper S/D junction depth (X)). The
deeper the junction depth, the more significant the short
channel elfect.

While the formation of ultra-shallow junctions (USJ) can
counter the eflect of increasing junction depth, higher dopant
implant concentrations are required to avoid an increase 1n
parasitic resistances at shallower junction depths. The dop-
ant implantation required to form the ultra-shallow junctions
1s diflicult, and causes damage to the substrate by forming
amorphous or disordered lattice regions, rendering the prob-
lem unsolved. Therefore, it 1s of great necessity to continu-
ally improve the method for manufacturing a MOSFET or
FinFET with scaled down dimensions to overcome the short
channel eflect.

In order to solve the above-mentioned problems, the
present disclosure provides a gate structure, a semiconductor
device and a method for forming the semiconductor device,
which includes a doped spacer and a doped oxide layer to
conquer the short channel effect in MOSFETs or FinFETs. In
this way, despite the scaling down of MOSFET or FinFET
dimensions, the packing density and performance of semi-
conductor devices can be improved.

With reference to FIG. 1A and FIG. 1B, wherein FIG. 1B
illustrates a cross-section of FIG. 1A 1n embodiments for a
FinFET, there 1s 1llustrated cross sectional view of schematic
area arrangement ol a semiconductor device 100 1n accor-
dance with some embodiments. The semiconductor device
100, also referred to as a field-eflect transistor (FET) 1n some
embodiments, includes a gate structure 200.

In various embodiments, the gate structure 200 includes a
gate stack 210 and a spacer 220' overlying a sidewall of the
gate stack 210. The gate stack 210 may include a gate
clectrode, a work function metal (WFM) stack 212" under-
lying the gate electrode, and a gate oxide layer 215' under-
lying the work function metal (WFM) stack 212'. In some
embodiments, the gate stack 210 can be formed via any
appropriate methods, which includes deposition, photoli-
thography patterning, and etching. The deposition methods
include chemical vapor deposition (CVD), physical vapor
deposition (PVD), atomic layer deposition (ALD), and the
combinations thereof.

In various embodiments, a current can be exerted onto the
gate electrode. Once an 1nput current from the gate electrode
reach a threshold voltage (V,), negative charges may accu-
mulate accordingly beneath the gate oxide layer 215', and an
clectron channel between a source region 110 and a drain
region 111, also referred to as the source/drain (S/D) region,
can be induced beneath the gate structure 200.

In some embodiments, the threshold voltage of the gate
structure 200 1s mainly determined by the work function
metal (WFM) stack 212'. The work function indicates the
mimmal thermodynamic work or energy to remove an
clectron from a solid surface to a close position under the
influence of the adjacent electric fields. Thus, the work
function metal stack 212' modulates the threshold voltage
tuning by aflfecting the free energy of electrons underlying
the gate stack 210.

In some embodiments, the gate electrode may be 1nitially
formed of polycrystalline-silicon (poly-S1) or poly-crystal-
line silicon germanium (poly-SiGe). However, threshold
voltage instability and leakage currents can be induced i1 the
poly-S1 gate electrode 1s combined with the gate oxide made
of silicon dioxide (S10,). Thus, the gate electrode may
eventually be replaced by a metal matenial to improve
threshold voltage modulation and semiconductor device
performance. In various embodiments, the materials for the
metal gate electrode 216 include tantalum (Ta), tantalum
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4

nitride (TaN), niobium (Nb), tantalum nitride (TaN), tanta-
lum carbide (TaC), tungsten (W), tungsten nitride (WN),
tungsten carbide (WC), and any suitable metals or combi-
nations thereof.

In addition, to fully conquer the above 1ssue, the intro-
duction of metal gate electrodes 216 would need to be
accompanied by simultaneous 1ntroduction of the gate oxide
layer 215' with lugh dielectric constant (high K). In various
embodiments, oxides such as lanthanum oxide (La,O,) 1s
appropriate for a N-type FET (nFET) since lanthanum (La)
1s strongly electro-positive metals. On the other hand, alu-
minum oxide (Al,O,) 1s appropriate for a P-type FET
(pFET) due to the ability to prevent the extrinsic work
function shifts. Generally, the gate oxide layer 215" can be
made of dielectric materials such as aluminum oxide
(Al,O,), lanthanum oxide (La,O,), tantalum oxide (Ta,O.),
titanium oxide (110,), hatntum oxide (HIO,), silicon diox-
ide (S10,), hafmium silicon oxide (H1S10), zirconium oxide
(Z1r0,), and any suitable metals or a combination thereof.

Due to the shift from the low-k/poly-S1 gate to the
high-k/metal gate, the work function metal stack 212' needs
to be modified accordingly to meet the threshold voltage
requirements of the gate structure 200. With an upper
mid-gap work function, highlighted thermal stability, and
distinct diffusion features, titanium nitride (T1N) serves as a
suitable candidate for the WFM. Modification of the work
function of TiN to obtain the desirable eflective work
function (EWF) 1s pivotal for gate stack enhancement of
two-dimensional MOSFETs and three-dimensional Fin-
FETs. Besides 1 mcreasmg the thickness of the TiN layer to
clevate the EWF 1n the WFM stack, introducing another
layer of high-k work function metal such as a titanium
silicon nitride (T1SiN) layer, can further fine-tune the EWF.

Hence, 1n various embodiments, the WFM stack 212
includes a TiN layer 213" and a TiSiN layer 214" underlying
the TiN layer 213'. The TiSiN layer 214' can function in
coordination with the underlying gate oxide layer 215' to
improve the performance of the gate structure 200, since
both the TiSiN layer 214' and the gate oxide layer 215" are
amorphous with a high dielectric constant, usually higher
than the dielectric constant of silicon dioxide, or 3.9.

In terms of a long-channel transistor, the threshold voltage
1s determined by the charge conservation applied to the
channel between the source/drain regions and characteristics
of the work function metals (WFM) including the TiN layer
and the TiSiN layer. Whereas, with the scaling down of
semiconductor devices, there 1s a constant decrease 1n the
width of the gate structure 200 and the thickness of the gate
oxide layer 21%', along with closer junctions between the
S/D regions, resulting in short-channel transistors. In terms
of the short-channel transistors, a roll-off in threshold volt-
age occurs as the channel length i1s reduced, and thus the
threshold voltage 1s not only affected by the WFM stack
212', but also aflected by the closer junctions.

To oilset the short channel effect (SCE) and hot carrier
cellect (HCE) in short-channel transistors, a portion of the
S/D region underlying the gate structure 200 1s lightly
doped, forming a lightly-doped drain/source (LDD) region
112, also referred to as the source/drain extension (SDE)
region. However, merely doping the LDD region 112 mani-
fests limited influences on countering the SCE, and even
more limited effect on control of threshold voltage 1n short
channel devices.

Modulation of the threshold voltage 1s further improved
by doping the WFM stack 212'. For a N-type transistor
(nFET), 1f the T1S1N layer 214" and the TiN layer 213" in the
WFM stack 212' are doped by N-type dopants, the threshold
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voltage can be lowered. In contrast, 11 the TiSiN layer 214
and the TiN layer 213' in the WFM stack 212' are doped by
P-type dopants, the threshold voltage can be elevated. For a
P-type transistor (pFET), the modulation of the threshold
voltage 1s reversed. To achieve the doping of the WFM stack
212", extra layers are required to serve as the dopant donors
in the gate structure 200.

In accordance with various embodiments, a spacer 220’
overlying a sidewall of the gate stack 210 1s formed. A high
concentration of the dopant 1s sealed in the spacer 220' to
form a doped spacer 220, serving as a dopant donor to the
WFEFM stack 212'. If the gate stack 210 and a substrate 102
underlying the gate stack 210 form a N-type transistor, the
doped spacer 220 1s doped with boron (B) or other P-type
dopants to increase the threshold voltage and diminish
leakage currents from SCE. If the gate stack 210 and a
substrate 102 underlying the gate stack 210 forms a P-type
transistor, the doped spacer 220 1s doped with arsenic (As)
or other N-type dopants to raise the threshold voltage and
oflset leakage currents from SCE.

The doping concentration of the doped spacer 220 1s
about 5x10°° atoms/cm” to about 5x10*" atoms/cm” to pro-
vide suflicient dopants mnto the WFM stack 212'. In some
embodiments, the doped spacer 220 1s made of dielectric
materials mncluding silicon nitride (SiN), silicon oxynitride
(S10N), silicon carbide (S1C), silicon oxycarbide (S100),
silicon carbon oxynitride (S1CON), silicon oxyfluoride
(S10F), or a combination thereof.

In some embodiments, the solid-phase diffusion (SFD) of
dopants from the doped spacer 220 to the WFM stack 212
1s facilitated by a set of thermal processes, giving rise to the
doped work function metal (WFM) stack 212 including the
doped T1SiN layer 214 and the doped TiN layer 213 and the
doped gate oxide layer 215. Since the dopant 1n the doped
WFEFM stack 212 is the same as 1n the doped oxide layer 300
and 1n the doped spacer 220, the dopant 1s boron 1n a NMOS
and a N-type FinFET, while the dopant 1s arsenic in a PMOS
and a P-type FinFET. In some embodiments, the doped
WFEM stack 212 1s doped at a concentration lower than the
concentration of the doped spacer 220, or lower than about
5%x10*° atoms/cm’ to about 5x10°" atoms/cm” due to diffu-
s1on gradient.

The solid-phase diffusion (SFD) of dopants from the
doped spacer 220 into the WEFM stack can occur in different
types of FET depending on the profile of the substrate 102
underlying the gate stack 210. In some embodiments, the
substrate 102 contains a source region 110 and a drain region
111, which can be collectively called the source/drain (S/D)
regions. The substrate 102 may be embedded 1n a basal layer
(not shown), and the gate stack 210 may thus lie over the
basal layer and a top surface of the substrate 102 between the
source region 110 and a drain region 111, which forms a
planar integrated circuit structure, also referred to as a
MOSFET.

In some other embodiments, the substrate 102 with the
source region 110 and the drain region 111 1s a raised region
overlying the basal layer, forming a three-dimensional fin
structure. The gate stack 210 lies over the basal layer and
one or more raised fin structures, forming a three-dimen-
sional integrated circuit structure, also referred to as a
FinFET.

In some embodiments, the material of the substrate 102
includes silicon, silicon germanium, silicon carbide, gallium
arsenic, gallium phosphide, indium phosphide, indium
arsenide, mdium antimonide, an alloy semiconductor
including SiGe, GaAsP, AllnAs, AlGaAs, GalnAs, GalnP,
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different sets of S/D regions can be 1solated by a shallow
trench 1solation (ST1) region adjacent to the S/D regions.
The STI region may be made up of a dielectric material, such
as silicon oxide, silicon nitride, silicon oxynitride, fluoride-
doped silicate glass, and combinations thereof.

The substrate 102 may be fabricated by any suitable
processes, such as photolithography and etching. The pho-
tolithography may include forming a photoresist layer (not
shown) over the substrate 102 (e.g., spin-on coating), soft
baking, mask aligning, patterning the photoresist layer by
exposure, operating post-exposure baking, and developing
the pattern to form a photoresist mask used as a protection
of the substrate while etching 1s performed to form the
substrate 102.

To further encompass the WFM stack 212', an oxide layer
300" may be formed on the substrate 102 to cover exposed
surtace of the substrate 102 1n some embodiments. In other
words, the oxide layer 300' 1s formed on the surface of the
substrate 102 encompassing the gate stack 210, or the
surface of the substrate 102 not 1n contact with the gate stack
210. To also serve as a dopant donor to the WFM stack 212!,
the oxide layer 300' 1s also doped with a high concentration
of dopants to form a doped oxide layer 300. When the gate
stack 210 and a substrate 102 underlying the gate stack 210
forms a nFET, such as a N-type MOSFET (NMOS) or a
N-type FinFET, the doped oxide layer 300 1s doped with
boron (B) or other P-type dopants. When the gate stack 210
and a substrate 102 underlying the gate stack 210 forms a
pFET, such as a P-type MOSFET (PMOS) or a P-type
FinFET, the doped oxide layer 300 1s doped with arsenic
(As) or other N-type dopants.

The doping concentration of the doped oxide layer 300 1s
about 5x10°° atoms/cm” to about 5x10*" atoms/cm” to pro-
vide suflicient dopants mto the WFM stack 212' and con-
tribute to the formation of the doped WFM stack 212. In
some embodiments, the doped oxide layer 300 1s made of
dielectric materials such as aluminum oxide (Al,O,), lan-
thanum oxide (La,0;), lanthanum aluminum oxide (Al-
La0,), tantalum oxide (Ta,O;), titanium oxide (110, ), hat-
nium oxide (HfO,), silicon dioxide (S10,), hatnium silicon
oxide (HIS10), and zirconium oxide (ZrQO.,).

Referring next to FIG. 2, there 1s a cross-sectional view of
another semiconductor device in accordance with some
embodiments. The substrate 102 contains the source region
110, the drain region 111, a set of the LDD regions 112, and
a set of the STI regions 104. In some embodiments, the gate
structure 200 overlies the substrate 102 between the source
region 110 and the drain region 111. To be more specific, the
gate structure 200 overlies the substrate 102 between two
LDD regions 112. The doped oxide layer 300 1s formed on
the substrate 102 encompassing the gate structure 200, more
specifically between two STI regions 104.

In various embodiments, the gate stack 210 includes a
metal gate electrode 216, a doped work function metal
(WFEFM) stack 212 underlying the metal gate electrode 216,
and a doped gate oxide layer 215 underlying the doped work
function metal (WFM) stack 212. In some embodiments, the
doped spacer 220 overlies only the sidewall of the gate stack
210 and a portion of the doped oxide layer 300 adjacent to
the sidewall of the gate stack 210. Since both the doped
oxide layer 300 and the doped spacer 220 can serve as the
dopant donor, and the portion of the doped spacer 220
overlying the sidewall of the gate stack 210 and the doped
oxide layer 300 can fully cover the WFM stack 212', the
portion of the doped spacer 220 overlying the doped oxide
layer 300 becomes optional because it 1s not 1n direct contact
with the WFM stack 212'. In other words, in some embodi-
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ments, the doped oxide layer 300 1s not covered by the doped
spacer 220 except for that of the doped oxide layer 300
adjacent to the gate stack 210. To put 1t differently, the doped
spacer 220 includes a portion overlying a sidewall of the
gate stack 210 and the doped oxide layer 300 adjacent to the
gate stack 210, and a portion overlying the doped oxide layer
300 not adjacent to the gate stack 210. Since the portion of
the doped spacer 220 overlying the doped oxide layer 300
not adjacent to the gate stack 210 1s not 1n contact with the
WFEFM stack 212', the portion cannot serve as the dopant
donor, and thus the portion 1s optional. In various embodi-
ments, the doped oxide layer 300 adjacent to the gate stack
210 overlies the LDD region 112, while the doped oxide
layer 300 not adjacent to the gate stack 210 overlies the S/D
region and the STI region 104.

With Reference to FIG. 3, there 1s a cross-sectional view
of yet another semiconductor device 1 accordance with
some embodiments. The substrate 102 includes the source
region 110, the drain region 111, LDD regions 112 between
the source/drain region, and a set of the STI regions 104
adjacent to the source/drain region. The gate structure 200
overlies the substrate 102 between the source region 110 and
the drain region 111. To be more specific, the gate structure
200 1s formed over the substrate 102 between two LDD
regions 112.

In some embodiments, the doped spacer 220 overlies the
sidewall of the gate stack 210 and the substrate 102 between
the two STI regions 104. Since that both the doped spacer
220 the doped oxade layer 300 and can serve as the dopant
donor, and that the dielectric function of the doped gate
oxide layer 215 can substitute for the dielectric function of
the doped oxide layer 300, the doped oxide layer 300
becomes optional. To put it diflerently, the doping function
of the doped oxide layer 300 may be replaced by the doped
spacer 220 once the doped spacer 220 overlies the substrate
102, and thus the doped oxide layer 300 may be optional. To
put i1t differently, 1n some other embodiments, the semicon-
ductor device 100 does not include the doped oxide layer
300, and the doped spacer 220 overlies both the sidewall of
the gate stack 210 and the surface of substrate 102. (See FIG.
3).

Referring next to FIG. 4, there 1s 1llustrated a process flow
diagram of forming a semiconductor device 1n accordance
with some embodiments. In forming the semiconductor-
device 100, a substrate 102 with a source region 110 and a
drain region 111 therein 1s provided, and a procedure 402 of
forming an oxide layer 300' overlying the substrate 102 1s
performed. After appropriate removal of a portion of the
oxide layer 300, a first gate stack 211 can be formed over the
substrate 102 between the source region 110 and a drain
region 111, and a spacer 220' can be formed over a sidewall
of the first gate stack 211, both of which are included in the
procedure 404.

In various embodiments, after the formation of the oxide
layer 300", the first gate stack 211, and the spacer 220", the
procedure 406 of doping the oxide layer 300" and the spacer
220" 1s then carried out to transform the oxide layer 300" and
the spacer 220' into the dopant donor. After the doping
process, the procedure 408 of forming a WFM stack 212' as
the dopant acceptor 1s performed. Then, the procedure 410
of a thermal treatment to the doped oxide layer 300 and the
doped spacer 220 1s operated to drive the solid-phase
diffusion (SPD) of dopants from the doped oxide layer 300
and the doped spacer 220 to the WFM stack 212'. Following
the thermal diffusion process 1s the procedure 412 of form-
ing a metal gate electrode 216 overlying the doped WFM
stack 212 to form a second gate stack.

10

15

20

25

30

35

40

45

50

55

60

65

8

With Reference to FIG. 5A, a substrate 102 with a source
region 110, a drain region 111, a pair of lightly doped
source/drain (LDD) regions 112 adjacent to the inner side-
wall of the source region 110 and the drain region 111, and
a pair of shallow trench 1solation (ST1I) regions adjacent to
the outer sidewall of the source region 110 and the drain
region 111 1s provided. The first step of forming the semi-
conductor-device 100 1s to form an oxide layer 300' over the
substrate 102. The forming methods includes chemical
vapor deposition (CVD), plasma-enhanced CVD (PECVD),
atomic-layer CVD (ALCVD), low-pressure CVD (LPCVD),
any other appropriate deposition methods and combinations
thereof.

Referring next to FIG. 5B, the oxide layer 300" may
undergo photolithography to etch away a portion of the
oxide layer 300' overlying the substrate 102 between the
source region 110 and the drain region 111 and leave a space
for the first gate stack 211 to be formed on the substrate 102
between the source region 110 and the drain region 111. The
photolithography may include forming a photoresist layer
(not shown) over the oxide layer 300', mask aligning,
patterning the photoresist layer by exposure, and developing
the pattern to form a photoresist mask. The photoresist mask
1s used as a protection of the oxide layer 300" while etching
1s performed to remove the portion of the oxide layer 300
overlying the substrate 102 between the source region 110
and the drain region 111.

After etching of the oxide layer 300', the portion of
substrate 102 between the source region 110 and the drain
region 111 1s exposed, where the first gate stack 211 can be
formed. The first gate stack 211 can also be referred to as the
dummy gate stack, which can be made of materials such as
polycrystalline-silicon (poly-S1), poly-crystalline silicon
germanium (poly-S1Ge), silicon nitride (SiN), and combi-
nations thereof. Following the formation of the first gate
stack 211, a spacer 220' may be formed along a sidewall of
the first gate stack 211 and overlies the surface of the oxide
layer 300'. The forming methods includes chemical vapor
deposition (CVD), plasma-enhanced CVD (PECVD),
atomic-layer CVD (ALCVD), low-pressure CVD (LPCVD),
any other appropriate deposition methods and combinations
thereof.

Referring next to FIG. 5C, the spacer 220' may be doped
with a dopant such as boron (B) or arsenic (As) at the
concentration of about 5x10°° atoms/cm” to about 5x10°*
atoms/cm” to form a doped spacer 220 and serve as a dopant
donor to the WFM stack. The spacer 220' can be doped by
any appropriate doping methods including the in-situ doping
by the atomic layer deposition (ALD), or ex-situ doping by
the plasma deposition or 1on metal plasma (IMP) deposition.

In some embodiments, the oxide layer 300' may be doped
with a dopant such as boron (B) or arsenic (As) at the
concentration of about 5x10°° atoms/cm” to about 5x107"
atoms/cm” to form a doped oxide layer 300 as a dopant
donor to the WEM stack. The doped oxide layer 300' can be
doped by any appropriate doping methods including ex-situ
doping by the plasma deposition or 10n metal plasma (IMP)
deposition.

With reference to FIG. 5D, the first gate stack 211 may be
removed to expose the substrate between the S/D regions
and facilitate the formation of a WFM stack 212' on the
exposed surface of the substrate. Prior to forming the WFM
stack 212', an epitaxy process, or an epitaxial growth pro-
cedure, 1s carried out to promote the formation of an
amorphous gate oxide layer 215'. With a high dielectric
constant, or a dielectric constant higher than 3.9, the gate
oxide layer 215’ serves as an 1nter-layer dielectric material to
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modulate the eflective work function of the WEFM stack. In
various embodiments, a WFM stack 212' 1s formed on the
gate oxide layer 215' by first depositing a T1SiN layer 214",
tollowed by depositing a TiN layer 213' on the Ti1SiN layer
214"

Referring next to FIG. 5E, the doping of the WFM stack
212" and the gate oxide layer 215' 1s performed by a thermal
process. The thermal process can be further divided 1nto two
phases: the post-metal annealing (PMA) and the post-cap
annealing (PCA). The post-metal annealing (PMA) 1s car-
ried out directly after the formation of the WFM stack 212
to facilitate the solid-phase diffusion of dopants from the
doped spacer 220 and the doped oxide layer 300 1nto the TiN
layer 213' of the WFM stack 212'. In various embodiments,
the post-metal annealing (PMA) 1s performed at a tempera-
ture of about 750° C. to about 900° C. for about 1 second to
about 30 seconds to rapidly drive dopants into the WFM
stack 212" while preventing undesirable out-diffusion of
dopants from LDD regions 112.

After the PMA, a dummy gate electrode usually made of
poly-S1, also referred to as a S1 cap (not shown), may be
deposited onto the TiN layer 213" for further thermal pro-
cess. In some embodiments, the post-cap annealing (PCA) 1s
subsequently carried out after forming the S1 cap to further
drive the dopants from the doped spacer 220 and the doped
oxide layer 300 into both the TiN layer 213' and the TiSiN
layer 214'. In various embodiments, the post-cap annealing
(PCA) 1s performed at a temperature of about 800° C. to
about 1000° C. for about 1 second to about 10 seconds to
rapidly drive dopants 1into the WFM stack 212' while pre-
venting undesirable out-diffusion of dopants from other
regions.

The session of the PMA and PCA not only forms a doped
WEFM stack 212 including a doped TiN layer 213 and a
doped TiSiN layer 214, but also form a doped gate oxide
layer 215 underlying the doped WEFM stack 212. After the
formation of the doped WFM stack 212, the S1 cap may be
removed to expose the top surface of the doped WFM stack
212.

With reference to FIG. SE, after the removal of the S1 cap
via appropriate method such as the reactive 1on etching
(RIE) or the high-density plasma (HDP) etching, a metal
gate electrode 216 can be deposited on the doped TiN layer
213 to form a second gate stack, also referred to as the gate
stack 210, which 1s part of the high-k/metal gate structure.
In some embodiments, by replacing the S1 cap with the metal
gate electrode 216, improvement can be achieved in the
work function of the doped WEFM stack 212 as well as the
coordination among the doped WFM stack 212, the metal
gate electrode 216, and the doped gate oxide layer 213.

According to the above statements and various embodi-
ments, utilizing the doped spacer 220 and the doped oxide
layer 300 to thermally dope the WEFM stack 212", while at the
same time adopting the high-k gate oxide layer 215' and the
metal gate electrode 216, can fine-tune the threshold voltage
of the gate structure 200, reduce the leakage currents arising
from the short channel efiect, and enhance the performance
along with high-density integration of the semiconductor
device 100.

In accordance with some embodiments, a gate structure
200 includes a gate stack 210 and a doped spacer 220
overlying a sidewall of the gate stack 210. The gate stack
210 contains a doped work function metal (WFM) stack 212
and a metal gate electrode 216 overlying the doped WFM
stack 212.

In accordance with some embodiments, a semiconductor
device 100 includes a substrate 102, a gate stack 210, a
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doped spacer 220, and a doped oxide layer 300. The sub-
strate 102 has a source region 110 and a drain region 111,
and a gate stack 210 overlying the substrate 102 between the
source region 110 and the drain region 111. The gate stack
210 includes a doped gate oxide layer 215, a doped work
function metal (WFM) stack 212 overlying the doped gate
oxide layer 215, and a metal gate electrode 216 overlying the
doped WEFM stack 212. The doped oxide layer 300 overlies
the surface of the substrate 102. The doped spacer 220
overlying the doped oxide layer 300 and a sidewall of the
gate stack 210.

In accordance with some embodiments, a method of
forming a semiconductor device 100 includes forming an
oxide layer 300' overlying a substrate 102 with a source
region 110 and a drain region 111 (procedure 402), forming
a first gate stack 211 and a spacer 220'(procedure 404),
doping the oxide layer 300' and the spacer 220' to form a
doped oxide layer 300 and a doped spacer 220 (procedure
406), forming a work function metal (WFM) stack 212
overlying the substrate 102 between the doped spacers 220
(procedure 408), thermally treating the doped spacer 220
and the doped oxide layer 300 to form a doped WEFM stack
212 (procedure 410), and forming a metal gate electrode 216
overlying the doped WFM stack 212 to form a second gate
stack 210 (procedure 412). In the procedure 404 of forming
a first gate stack 211 and a spacer 220", the first gate stack
211 overlies the substrate 102 between the source region 110
and the drain region 111, and the spacer 220' overlies a
sidewall of the first gate stack 211.

The foregoing outlines features of several embodiments
so that those skilled in the art may better understand the
aspects of the present disclosure. Those skilled in the art
should appreciate that they may readily use the present
disclosure as a basis for designing or modifying other
processes and structures for carrying out the same purposes
and/or achieving the same advantages of the embodiments
introduced herein. Those skilled 1n the art should also realize
that such equivalent constructions do not depart from the
spirit and scope of the present disclosure, and that they may
make various changes, substitutions, and alterations herein
without departing from the spirit and scope of the present
disclosure.

What 1s claimed 1s:

1. A gate structure comprising:

a gate stack comprising:

a doped work function metal (WFM) stack; and

a metal gate electrode overlying the doped WEFM stack;
a doped oxide layer in physical contact with a first portion

of a sidewall of the gate stack, wherein a surface of the

doped oxide layer that extends away from the gate

stack and 1s facing away from a semiconductor sub-

strate 1s planar; and

a doped spacer over and contacting the doped oxide layer,

wherein the doped spacer 1s 1 physical contact with a
second portion of the sidewall of the gate stack,
wherein the doped WFM stack has a dopant concen-
tration lower than a dopant concentration of the doped
spacer.

2. The gate structure of claim 1, wherein the doped WFM
stack 1s doped with boron (B) or arsenic (As).

3. The gate structure of claim 1, wherein the doped WFM
stack comprises a doped TiSiN layer and a doped TiN layer
overlying the doped TiSiN layer.

4. The gate structure of claim 3, wherein the gate stack
comprises a doped gate oxide layer underlying the doped
T1S1N layer, and the doped gate oxide layer and the doped
T1S1N layer are amorphous.
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5. The gate structure of claim 1, wherein the doped spacer
1s silicon nitride (SiN), silicon oxynitride (S10ON), silicon
carbide (S1C), silicon oxycarbide (S10C), silicon carbon
oxynitride (S1ICON), silicon oxyfluoride (S10F), or a com-
bination thereof.

6. The gate structure of claim 1, wherein the metal gate
electrode 1s Cu, Al, N1, Co, Nb, Ta, TaN, TaC, W, WN, WC,
or a combination thereof.

7. A semiconductor device comprising:

a substrate with a source region and a drain region;

a gate stack overlying the substrate between the source

region and the drain region, comprising;:
a doped gate oxide layer;
a doped work function metal (WFM) stack overlying

the doped gate oxide layer; and
a metal gate electrode overlying the doped WEFM stack;
a doped oxide layer overlying a surface of the substrate,
the doped oxide layer physically contacting a sidewall
of the doped gate oxide layer, the doped oxide layer
having a constant thickness as the doped oxide layer
extends away from the gate stack; and

a doped spacer overlying the doped oxide layer and

physically contacting a sidewall of the gate stack,
wherein the doped WFM stack has a dopant concen-
tration lower than a dopant concentration of the doped
spacer.

8. The semiconductor device of claim 7, wherein the
doped WFM stack, the doped spacer, and the doped oxide
layer are boron-doped.

9. The semiconductor device of claim 7, wherein the
doped WFM stack, the doped spacer, and the doped oxide
layer are arsenic-doped.

10. The semiconductor device of claim 7, wherein the
substrate 1s a raised fin structure crossed over by the gate
stack.

11. The semiconductor device of claim 7, wherein the
doped oxide layer 1s aluminum oxide (Al,O;), lanthanum
oxide (La,0;), tantalum oxide (Ta,O.), titanium oxide
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(110, ), hainium oxide (H1O,), silicon dioxide (510,), zir-
contum oxide (ZrQO,), or a combination thereof.

12. The semiconductor device of claim 7, wherein the
doped spacer 1s on only the sidewall of the gate stack and a
portion of the doped oxide layer adjacent to the sidewall of
the gate stack.

13. The semiconductor device of claim 7, wherein the
doped WFM stack 1s doped with boron (B) or arsenic (As).

14. The semiconductor device of claim 7, wherein the
doped WFM stack comprises a doped TiSiN layer and a

doped TiN layer overlying the doped TiSiN layer.

15. A gate structure comprising:

a gate stack comprising:
a doped work function metal (WFM) layer; and
a metal gate electrode overlying the doped WEFM layer;

a doped oxide layer disposed on a portion of a sidewall of
the gate stack, the doped oxide layer contacting a
stdewall of the doped WFM layer; and

a spacer with a dopant concentration, the spacer disposed

on the doped oxide layer and a remaining portion of the
sidewall of the gate stack, wherein the doped WFM
layer has a dopant concentration lower than a dopant
concentration ol the spacer, wherein an interface
between the spacer and the doped oxide layer extends
away from the gate stack in a direction parallel with a
semiconductor substrate.

16. The gate structure of claim 135, wherein the doped
oxide layer and the doped WFM layer have the same dopant.

17. The gate structure of claim 15, wherein the spacer
blankets the doped oxide layer.

18. The gate structure of claim 1, wherein a doped portion
of the doped spacer contacts a doped portion of the doped
oxide layer.

19. The semiconductor device of claim 1, wherein the gate
stack 1s 1n contact with multiple sides of a semiconductor fin.

20. The semiconductor device of claim 15, wherein the
gate stack 1s 1n contact with multiple sides of a semicon-
ductor fin.
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